and fate of this contaminant Pb in soils is poorly understood. Here we use forest floor time series data and synchrotron-based X-ray techniques to examine the mobility and speciation of Pb in O horizons collected from remote sites across the northeastern USA. At high elevation (.800 m) sites in Vermont and New York, samples collected from similar locations in 1980, 1990, and early 2000 had indistinguishable Pb contents, ranging (61s) from 11 to 29 kg Pb ha 21 . However, at lower elevation and lower latitude sites with mixed vegetation, significant decreases in Pb amount were observed during the two-decade study period. Lower elevation sites ranged from 10 to 20 kg Pb ha 21 in 1980, and from 2 to 10 kg Pb ha 21 20 yr later. Lead-enriched soil grains were determined to be amorphous with microfocused X-ray diffraction, and Pb concentrations correlated well with Fe on maps generated via microfocused X-ray fluorescence. Bulk Pb L III -edge X-ray absorption spectroscopy of coniferous O horizon samples indicate that Pb is binding to iron-rich soil particles by inner-sphere complexes, most likely to amorphous Fe oxides. Based on our paired regional and microscopic observations, we conclude that Pb is strongly retained in well-drained O horizons, and mobility is governed by decomposition and colloidal transport.
L EAD is perhaps the most widely dispersed trace metal in the environment (Galloway et al., 1982; Nriagu, 1996) . Smelting, fossil fuel combustion, waste incineration, and, most notably, the combustion of leadedgasoline emitted particulate Pb into the atmosphere in a legacy whose origins can be traced back thousands of years (Hong et al., 1994) . Since the residence time of aerosols in the troposphere is on the order of weeks (Koch et al., 1996) , this lead was deposited to land via wet and dry deposition both locally and regionally with respect to the pollution source . Within the northeastern USA, total Pb deposition is estimated at 10 to 50 kg Pb ha 21 (Johnson et al., 1982; Miller and Friedland, 1994; Marsh and Siccama, 1997) , and most of it was deposited in the early to middle 20th century during the peak time period of leaded-gasoline use (Miller and Friedland, 1994; Johnson et al., 1995) . Transportation corridors and high-elevation forests received the highest inputs of anthropogenic Pb (Johnson et al., 1982) . Although Pb can be disruptive to essential ecosystem processes and toxic to soil microorganisms, aquatic species, and humans (Liang and Tabatabai, 1977; Tyler, 1989 Tyler, , 1990 Ekenler and Tabatabai, 2002) , the behavior and ultimate fate of this contaminant Pb in soils has remained unclear.
Researchers assessing the fate of atmospheric Pb in soils have relied on repeated sampling, isotopic studies, and models capturing the Pb source term and the current distribution in the soil profile. Since the canopy and the forest floor is the initial receptor of atmospherically delivered Pb in watersheds, there has been a considerable amount of research focusing on the O horizon. In particular, O horizon time series data have been used to show that the distribution of Pb in the upper soil horizons has changed over the past few decades (Friedland et al., 1992; Johnson et al., 1995; Yanai et al., 2004; Evans et al., 2005) . Yanai et al. (2004) documented a decline in Pb from the Oie horizon between the late 1970s to the early 1990s in remote forest soils in New Hampshire. Johnson et al. (1995) and Friedland et al. (1992) concluded that some fraction of gasoline-derived Pb had moved from the O horizon to the mineral soil during the 1980s at the Hubbard Brook Experimental Forest (HBEF) and at selected remote sites in the northeastern USA, respectively. Other researchers have used O horizon time series data to model the response time (efolding time) of forest floor Pb and to project steadystate Pb forest floor levels (Miller and Friedland, 1994; Wang and Benoit, 1997) . While the transport mechanism of this pollutant Pb in soil has not been directly determined, many have suggested that particulate or dissolved organic matter would strongly bind to Pb and therefore would govern its mobility (Dorr and Munnich, 1989; Dorr and Munnich, 1991; Miller and Friedland, 1994; Wang and Benoit, 1997; Semlali et al., 2001; Tipping et al., 2003) .
More recently, Pb isotopes have been used to directly detail the distribution and behavior of atmospherically delivered Pb in soils. Measurements of 206 Pb/ 207 Pb have been used to show that anthropogenic Pb is distributed throughout organic and mineral soils at forested sites in Sweden and Norway (Bindler et al., 1999; . Kaste et al. (2003) used 210 Pb to model the response time of atmospherically delivered Pb in the O horizon at Camels Hump Mountain in Vermont. They concluded that the forest floor response time was between 60 and 150 yr, depending on vegetation zone and elevation. Using 206 Pb/ 207 Pb, they also demonstrated that some gasoline-derived Pb had migrated out of the O horizon and into the mineral soil, but that all of the atmospheric Pb was retained in the upper 20 cm of the soil profile. Generally, soils in Europe show a deeper penetration of anthropogenic Pb in the soil profile than is typically observed in the USA, but the anthropogenic Pb found deep in the mineral soil of sites in Europe is probably "old" Pb, deposited before the introduction of leaded-gasoline Steinnes and Friedland, 2005) The direct uptake of atmospherically delivered Pb by vegetation in boreal forests and by grasses appears to be low Klaminder et al., 2005) .
The geochemical behavior of anthropogenic Pb in soils is complex, and may be impacted by climate, organic matter type, and soil parent material. Several works have demonstrated the importance of Pb phosphate minerals for controlling Pb solubility and migration in soils (Ruby et al., 1994) . Nriagu (1974) used thermodynamic data to argue that Pb orthophosphates (e.g., pyromorphite) were the most stable Pb phase in many soils and sediments, and would likely sequester fallout Pb. He further suggested that because of the extremely low solubility of Pb phosphate minerals, Pb deposition could potentially reduce phosphorous availability, which could have ecological repercussions. Most recently, biologically mediated pyromorphite precipitation has been directly observed (Jackson et al., 2005) . Because soil organisms can have a very high turnover rate, these authors suggested that biogenic precipitation could play an important role in Pb geochemistry in contaminated soils. Selective chemical extractions have been applied to speciate Pb in soils, but have yielded variable results possibly in part because of complications associated with the technique (Nirel and Morel, 1990) . Furthermore, different soil types appear to sequester Pb via different mechanisms. While Teutsch et al. (2001) found that most of the anthropogenic Pb in roadside soils from their study in Israel was associated with carbonates and iron oxides, Emmanuel and Erel (2002) reported that organic matter was largely responsible for Pb retention in O horizons from the Czech forest. Within O horizons, extractions targeting organic matter and reducible oxides can liberate a significant quantity of Pb (Ho and Evans, 2000; Johnson and Petras, 1998; Kaste et al., 2005) .
The speciation of contaminant Pb in soils has direct implications for forest and human health. While Nriagu (1974) suggested that significant Pb inputs to soils could decrease phosphate availability, others have clearly demonstrated that heavy metals in soils can inhibit decomposition and essential ecosystem recycling processes (Ekenler and Tabatabai, 2002; Tyler, 1976) . The development of synchrotron-based X-ray experiments to determine the coordination environment of Pb in environmental samples gives considerable promise for understanding the speciation and behavior of contaminant metals in heterogeneous environments. X-ray absorption spectroscopy (XAS) and X-ray microprobe techniques can be used to directly determine the coordination environment and elemental and phase associations of trace metals in soil (Manceau et al., 1996; Jackson et al., 2005) . The purposes of this study are to (i) quantify Pb mobilization from O horizons in the northeastern USA using forest floor time series data, and (ii) use modern synchrotron-based XAS and microprobe X-ray fluorescence and X-ray diffraction techniques to gain insight into the partitioning behavior of Pb in organic-rich soil horizons.
MATERIALS AND METHODS

Field Sites and Sampling
Samples collected for this study are part of a regional forest floor sampling survey described in Friedland et al. (1992) . This decadal sampling survey examines the composition and mass of surficial organic matter from a variety of undisturbed soils from a range of Northeastern deciduous, coniferous, and mixed forests (Fig. 1 , and white birch (Betula papyrifera var. cordifolia). We also maintain four sites in the Spruce-Fir Zone, where vegetation is dominated by hemlock (Tsuga canadensis), yellow birch (B. alleghaniensis), red spruce (Picea rubens), and balsam fir (Abies balsamea), and maintain three sites in the mixed Hardwood/Spruce/Fir zone. The O horizon is collected by cutting around a wooden template (15 cm 3 15 cm) using stainless steel saws and knives. The cut area is peeled away from the template and excavated until mineral soil (A or E) is observed, and we carefully separate a "plug" of O horizon from the mineral soil with a stainless steel paint-scraper. Once extracted, any mineral soil on the base of the sample is manually removed, and each O horizon plug is stored in a plastic bag. At Camels Hump Mountain (VT) and on Whiteface Mountain (NY), the O horizon was subsampled (Oi, Oe, Oa) for XAS and microprobe analysis. Here we report on the Pb content of the O horizon sampled in similar locations at identical sites during three different time periods: 1980, 1990, and in 2001-2002 . Site descriptions and additional data from 1980 and 1990 are described in more detail elsewhere (Craig, 1991; Friedland and Johnson, 1985; Friedland and Miller, 1999; Friedland et al., 1986 Friedland et al., , 1992 Siccama, 1974) .
Metal and Organic Matter Determination
Organic soil horizon samples were dried at 1058C for 48 h. The samples were weighed to determine total O horizon mass, and then ground and homogenized in a stainless-steel Wiley Mill. Total metal content was determined by ashing 2 g of ground soil at 4758C for 6 h (Friedland et al., 1992) . The ash was then dissolved in boiling 1:1 HNO 3 (1 part H 2 O, 1 part concentrated nitric acid) for 20 min in a silica crucible. Nitric acid extracts were then filtered (Whatman #41) and diluted with deionized water. Diluted extracts were analyzed on an ICP-OES for major (Al, Ca, Fe, K, Mg, Mn, Na) and trace elements (Cd, Cu, Pb, Zn). Recoveries of Pb for NIST SRM 1575 Pine needles are within 8% of the certified values with this method, and Pb was not detected in blanks via ICP-OES (detection limit 60 ng g 21 ). Analysis via graphite furnace atomic absorption spectrometry verified that digestion blanks were at least 2.5 orders of magnitude lower in Pb than the sample digests. Organic matter content was quantified by the mass lost on ignition during the ashing procedure. Here we report Pb concentrations (mg kg
21
) and total Pb amounts (kg ha 21 ) in O horizons sampled from across the northeastern USA. Lead amounts were calculated by multiplying the concentration of Pb measured in each O horizon by the O horizon mass that was collected at each site.
Microfocused X-Ray Experiments and X-Ray Absorption Spectroscopy
The goal of using synchrotron-based microfocused X-ray florescence (mSXRF) and X-ray diffraction (mSXRD) is to determine the grain-scale elemental distribution and mineralogy of Pb and other metals in O horizon samples. X-ray absorption studies (XAS) allow us to determine the coordination environment of Pb in our samples and characterize the neighboring atoms that might govern Pb retention and mobility. These techniques can be advantageous over traditional chemical extractions because samples are analyzed directly in an unaltered and relatively natural state. Field-moist samples were ground using a mortar and pestle, mounted on Teflon templates, and covered with Kapton tape for analysis in the X-ray beam. Bulk Pb XAS was done using beamline X9B at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory, and beamline 2-3 at the Stanford Synchrotron Light Source (SSLS). Samples were mounted between the first and second ionization chambers (I o and I 1 ), and an elemental Pb foil was mounted between the second and third chambers (I 1 and I 2 ) for calibration at 13055 eV. XAS data were collected at the Pb L III edge over the energy range of 12.8 to 13.9 kev. Extended X-ray absorption fine-structure (EXAFS) spectral analysis and shell fitting was done with WinXAS 2.3, using theoretical phase and amplitude functions derived by FEFF 7.02. The coordination number (CN), bond distance (R), and Debye-Waller factor (s 2 ) for each shell was determined on unfiltered spectra in which the energy shift (DE o ) was fixed using the value from the filtered fit of the first shell (Pb-O). The amplitude reduction factor was fixed at 0.9. Given the limited k-range of the data (up to 9 Å ) that is inherent with Pb EXAFS, we used the standard convention of fixing s 2 at 0.01 for all shells to minimize the number of fit parameters (Ostergren et al., 2000; Sauve et al., 2000; Templeton et al., 2003) .
Microfocused SXRF and SXRD analysis of selected samples were done using beamline X26A at NSLS, which is equipped with a Si (111) monochronometer with 1 eV nominal resolution . Ground organic horizons were mounted on Kapton tape. Microfocused XRF spectra and maps were collected using 13.1 keV incident X-rays, and the X-ray spot size was approximately 6 mm 3 8 mm. Maps were made using a step size of 10 mm on an area of 0.5 3 0.5 cm. Elemental flouresence intensities for Pb, Fe, Ca, and other metals were collected using a Canberra 9-element Ge Array detector with integrated count times of 2 s/pixel. X-ray fluorescence peak intensities are approximately proportional to elemental abundance; however, the data are presented in raw counts because of the considerable errors in determining accurate concentrations from low integration times. At regions of interest within the XRF maps, mSXRD was employed to quantify any crystalline phases that might be present in the samples.
Microfocused SXRD patterns at specific regions of interest were collected to identify the mineralogy of crystalline phases using a Bruker SMART 1500 charge-coupled device (CCD) sys- Reproduced from Soil Science Society of America Journal. Published by Soil Science Society of America. All copyrights reserved.
tem and a calibrated incident photon wavelength of 0.9464 Å . Given the beam size of this system, we can identify and characterize very small crystals and aggregates. Data were processed with Fit2D software packages for integrating the 2D Debye-Scherrer rings and diffraction peaks to 1D 2u scans. Backgrounds resulting from anomalous diffraction of the Kapton mount were subtracted before analysis. Microfocused X-ray absorption near-edge structure (XANES) was used in addition to mSXRD at selected regions of interest to help speciate Pb directly.
RESULTS AND DISCUSSION Regional Forest Floor Survey
Organic horizon Pb concentrations and amounts measured in 1980, 1990, and in early 2000 are given in Table 1 . A Tukey-Kramer Honestly Significant Difference analysis of variance (ANOVA) test was used to determine if the amount of Pb in the forest floor changed over the study period. ANOVA test results and the maximum confidence level (CL) are given in the last column (Table 1) . We acknowledge that forest floor sampling can be subjective, and comparisons between studies should be done with caution (Federer, 1982) . However, the organic matter percentage measured in the samples can be used as a relative check of the consistency of the collections. The data set means for organic matter content of O horizons collected in 1980, 1990, and early 2000 were 65, 70, and 66%, respectively, and significant changes in organic matter content were not detectable using ANOVA. These data suggest that during each time period we sampled a similar soil horizon, and thus the collections from different time periods are comparable. We eliminated any samples that were collected but that had an organic matter content ,40% from the dataset, because such samples are technically A horizons.
The concentration of Pb in rainfall in the northeastern USA dropped quickly after the passage and implementation of the Clean Air Act in the late 1970s (Johnson et al., 1995) , and is currently on the order of 0.5 ng g 21 (Wang et al., 1995) . Assuming a 1.1 m yr 21 precipitation rate, then loadings to the surface via wet deposition are currently on the order of 0.6 mg m 22 yr 21 . Since dry deposition may account for anywhere between 10 and 40% of total Pb deposition (Galloway et al., 1982) , current gross Pb loadings to the surface are probably on the order of 1 mg m 22 yr
21
. Although inputs have been relatively low over the course of our study period (annually ,0.1% of the forest floor Pb standing crop), 15 out of 26 sites showed no significant decrease in Pb amount from 1980 to 2002. For the most part, the forest floor Pb inventory at sites north of 428 N did not change sig- Table 1 . Sampling sites in the regional forest floor survey. Numbers correspond with the map (Fig. 1) nificantly over the 21-yr study period, and no high elevation O horizons in the spruce-fir forest zone had a significant decrease in Pb amount during the study period. While the majority of sites did not show a significant change in forest floor Pb during the two-decade study period, forest floor Pb appears to be lower than estimated Pb inputs to the northeast during the 20th century. Total Pb deposition to soils in the northeastern USA has been estimated to range from 9 to 50 kg Pb ha 21 (Johnson et al., 1995; Marsh and Siccama, 1997; Miller and Friedland, 1994) , with higher amounts delivered to high elevation sites and near urban areas. Organic horizons sampled in early 2000 had Pb burdens ranging from 2 to 30 kg Pb ha 22 (Table 1) , which is substantially lower than inventories predicted if the O horizon completely retained all of the atmospheric Pb. While it is difficult to generalize at regional scales, detailed studies have detected that anthropogenic Pb has leached into underlying mineral soil in parts of the northeastern USA and Canada (Johnson et al., 1995 (Johnson et al., , 2004 Marsh and Siccama, 1997; Kaste et al., 2003; Watmough and Hutchinson, 2004) . This process appears to be occurring most dramatically at sites in the lower latitude portion of our study area where decomposition is faster and thinner O horizons persist.
The amount of Pb in the O horizon decreased significantly (at least 90% confidence) at 11 out of the 26 sites during the two-decade study period. Of the 11 sites that decreased, 9 of these are among our southernmost field sites (south of 428 N latitude, Fig. 1) . Some of the forest floor Pb decreases between 1980 and 2002 were substantial. In Connecticut, Pb amounts in O horizons from Catlin Woods (13) and North Haven (15) decreased by 58%, and Cathedral Pines (14) O horizon Pb decreased by 40% during the study period. In southwestern Pennsylvania, Tionesta (23), Hearts Mountain (21), and Cook Forest (20) had O horizon Pb amount declines of 68, 49, and 77%, respectively. The lower elevation stands at Camels Hump (1) also had a significant decrease in O horizon Pb, probably because of the faster organic matter turnover here relative to the higher elevation sites on the mountain. However, Pb averages at these sites also have considerably lower standard errors because of the larger number of sampling locations we maintain there. We thus were more easily able to detect a significant difference at the Camels Hump Mountain sites. At the Hubbard Brook Experimental Forest (HBEF), approximately 30% of the atmospheric Pb has migrated out of the forest floor and into the mineral soil (Johnson et al., 1995) . Yanai et al. (2004) demonstrated that Pb amounts in the organic-rich surficial soil horizons (defined in study as O1A) did not change significantly between 1979 and 1994 in selected stands from the White Mountain National Forest in central New Hampshire. However, they reported a significant redistribution of Pb from the Oi1Oe horizons to the Oa and A horizons. A paired t test comparison of 1980 and 1990 Pb amounts from the regional survey described here (Fig. 1) also identified a significant decrease in O horizon Pb in mixed-vegetation forests at low elevation and low latitude (Friedland et al., 1992) .
Any changes in forest floor Pb most likely represents a migration of Pb from the O horizon to the mineral soil (Johnson et al., 1995; Kaste et al., 2003; Miller and Friedland, 1994) . Lateral migration of the Pb by throughflow or by overland flow erosion seems unlikely. Dissolved losses of Pb in streamwater are very low; measurements of streams and seeps in central New Hampshire are reported to be 10 pg Pb g 21 (Wang et al., 1995) . Particulate-losses of Pb from watersheds have also been observed to be a small flux relative to the standing crop of Pb in the forest floor (Smith and Siccama, 1981; Turner et al., 1985) . The fibrous nature and high permeability of the forest floor generally keeps erosion, which could remove Pb from surface soils at our sites, to a minimum (Johnson et al., 1968) . Measurements of Pb isotopes in mineral soils has confirmed that some Pb has migrated out of the O horizon here and elsewhere in North America, especially at sites with thin (,8 cm) O horizons (Kaste et al., 2003; Watmough and Hutchinson, 2004) .
The relative retention of Pb by the O horizon in our regional study and elsewhere appears to be related to organic matter turnover. Lower latitude and lower elevation sites in Pine, Oak, or Northern Hardwood forests have a higher tendency for Pb losses from the forest floor, and these are typically sites with more rapid decomposition and thinner O horizons. Specifically, our sites in southwestern Pennsylvania had the most substantial declines in O horizon Pb. Average O horizon thickness here is 3 6 1 cm, reflecting the relatively rapid turnover of organic matter. In contrast, O horizons sampled from central New Hampshire have thicknesses of 13 6 6 cm; O horizon Pb amounts did not change at these sites during the study period. Along the elevation gradient at Camels Hump Mountain we can observe this effect on a single mountain. The O horizon in the deciduous zone at Camels Hump ranges from 4 to 7 cm in thickness, and some Pb losses were detected. Higher elevation soils in the coniferous zone sites at Camels Hump have forest floor thicknesses ranging from 10 to 20 cm, where no change in Pb inventory was observed over our study period. However, elevation, vegetation, and latitude are not the only factors that control organic matter turnover. Watmough and Hutchinson (2004) measured Pb in soils collected from stands of white pine and sugar maple in Ontario. Here, very thin O horizons (,2 cm) persist presumably because the high pH of the underlying carbonates facilitates organic matter decomposition. They used measurements of 206 Pb/ 207 Pb to show that the forest floor was a relatively insignificant reservoir of Pb: it contained ,3% of the total anthropogenic soil Pb inventory. Figure 2 shows the correlation ( p , 0.01) between O horizon thickness and calculated annual Pb loss for our study sites.
Speciation and Phase Associations of Lead in O Horizons
From the O horizon survey data we conclude that organic matter turnover controls the residence time of Pb in the O horizon, and that O horizons in high elevation Reproduced from Soil Science Society of America Journal. Published by Soil Science Society of America. All copyrights reserved.
coniferous forest can quantitatively retain atmospheric Pb on time scales of at least decades. The precise mechanism of this relatively strong Pb retention by O horizons is unknown. To elucidate the mechanisms of Pb retention in O horizons, we use a combination of synchrotronbased studies as described above. Microfocused SXRF mapping provides grainscale information about elemental abundances and correlations to determine the composition of Pb-rich (and Pb-poor) grains, and mSXRD can be used to determine the mineralogy of any Pbbearing crystalline phases. X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) studies are used to characterize the coordination environment and nearest neighbor atoms of Pb within the O horizon.
A representative mSXRF map of Pb on a moderately decomposed litter layer (Oe/Oa) collected from the coniferous zone of Whiteface Mountain is given in Fig. 3 . This sample is mostly organic matter, having an 80.3% loss on ignition. Similar maps were generated for Ca, Cr, Fe, Mn, Ti, and Zn on the sample, and correlation coefficients between Pb and the other elements (XRF per pixel) were calculated on the log-normalized data (Table 2) . Calcium, Fe, and Pb XRF data on two transect plots (X to X9 and Y to Y9, Fig. 3 ) are given in Fig. 4 . Lead had the strongest correlation with Fe (linear r 2 ) on the mSXRF map (Fig. 3, Table 2 ).
While the mSXRF data demonstrate that Pb may be associated with an Fe-rich phase, correlation alone is insufficient to conclude that interactions with Fe control Pb retention. Lead concentrations are also significantly correlated to all other elements analyzed on the map ( p , 0.01; Table 2 ) due to the large number of data points (|3000) and the relatively heterogeneous sample distribution on the Kapton tape. The distribution of Pb is not homogenous and highly concentrated regions exist in certain parts of the sample (Fig. 3 and 4) . While a heterogeneous distribution of Pb on the mSXRF images could result from an uneven distribution of the soil grains and thus low or high counts could result from the absence or presence of soil in the beam path, relative fluorescence intensities of Ca, Fe, and Pb suggest otherwise. Elevated amounts of Ca occur in spots where Pb, Fe, and other elements are absent, and Pb and Fe coincide more closely than any of the other elements that we scanned for (Fig. 4 and Table 2 ). In fact, in all of our transects that we examined on the map given in Fig. 3 and on maps generated on similar samples, Pb peaks typically coincided with Fe peaks, although not all Fe peaks contained excessive Pb. Since Ca is a structural cation in organic molecules, Ca should be useful as a proxy for organic matter in the XRF maps. Using this proxy, we conclude that Pb interactions with organic molecules may not be the dominant Pb scavenging mechanism in our samples.
We used microfocused XRD to identify the mineralogy of areas containing elevated Pb that we identified in the XRF maps. Very few diffraction peaks were evident in the XRD patterns of Pb-rich regions in O horizons from Whiteface and Camels Hump (Fig. 5) . While the diffraction patterns contain few discernable peaks, some have a broad background characteristic of poorly crystalline or amorphous phases. Pyromorphite and other Pb-containing minerals are usually sufficiently structured to contain diffraction peaks or rings (Jackson et al., 2005 ), but we found no evidence for crystalline phases at Pb-rich regions of interest. Because the use of XRD to identify trace metal mineralogy in heterogeneous samples such as ours has limitations and will certainly be dependent on the concentration of such phases, we cannot completely rule out the presence of crystalline Pb minerals on our samples. However, our XRD data which suggests that crystalline phases are insignificant corroborates additional data from XANES and EXAFS detailed below.
Given the relatively high correlation of Pb and Fe in these samples we hypothesize that non-crystalline iron (hydr)oxides, which adsorb Pb strongly (Jackson et al., 2005; Sauve et al., 2000; Trivedi et al., 2003) are responsible for the strong Pb retention in these samples. The bulk XANES and microfocused XANES (on Pbenriched regions) data we collected and analyzed were most consistent with a Pb(II) phase that is complexed via inner-sphere adsorption (Bargar et al., 1997a (Bargar et al., , 1997b (Bargar et al., , 1998 . Bulk EXAFS on select samples from coniferous Table 2 . Correlation coefficients between Pb and other metals analyzed by XRF microprobe (n 5 3400) on an Oe/Oa (3 to 4 cm depth) sample from the coniferous zone on Whiteface Mtn (Map given in Fig. 3 ). Data were log transformed to obtain a more normal distribution; all metals had a significant correlation (p , 0.01) with Pb. Theoretical shell fitting was done using an oxygen and an iron shell in FEFF 7.02. On the right, Fourier-filtered data from the backtransformed spectrum over R 1 D 5 2.9 to 4.1 Å are given; these data are used to derive the Pb-Fe coordination numbers and interatomic distances that we report in the text.
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forests gives more direct information on the type of interactions that Pb is having with the soil matrix. Radial distribution functions (RDFs) for the Pb L III electron in two samples are given in Fig. 6 . The Pb RDFs generated from the EXAFS spectra contain two principal features near 1.8 and 3.5 Å (not corrected for phase-shifts). The first shell is best fit with 3 to 4 oxygen atoms at a distance of 2.27 to 2.33 Å . This partially dehydrated coordination environment is typical of Pb 21 bound as inner-sphere complexes (Bargar et al., 1997b; Xia et al., 1997) and is considerably shorter than aqueous Pb 21 , which has a first coordination shell of 8 to 9 oxygen atoms at 2.5 Å (Bargar et al., 1997a) . However, it is not possible to differentiate between Pb 21 bound to organic matter, iron (hydr)oxides, and clay minerals based on the first shell alone. The second feature in the RDFs, however, helps to constrain the types of surfaces (or complexes) on which Pb is retained. The second shell is best fit with 1 to 2 Fe atoms at 4.00 to 4.05 Å (Fig. 6 ). This feature could not be effectively fit with carbon or any other atom, and the lower coordination number is indicative of an adsorbed complex rather than a crystalline material. We thus conclude that Pb is adsorbed to Fe-phases based on the bulk XAS experiments. Pb-Fe distances of 3.3 to 4 Å previously have been described for Pb adsorbed to hematite and goethite in experimental systems (Bargar et al., 1997b; Ostergren et al., 2000; Templeton et al., 2003; Trivedi et al., 2003) . The exact Pb-Fe distances are governed by the geometry of Pb 21 adsorption complexes on the mineral surfaces. While Pb-Fe separations of 3.3 to 3.4 Å usually result when Pb binds to edges of Fe octahedra in bidentate mononuclear complexes, corner-sharing bridging bidentate bonding of Pb to surface Fe octahedral can yield Pb-Fe separations $ 3.9 Å (Bargar et al., 1997b) . Trivedi et al. (2003) demonstrated that the specific type of Pb binding to ferrihydrite was pH dependent, and noted a switch to corner-sharing complexes as pH dropped below neutral. Given the acidic nature of O horizons (pH typically 4-5), the corner sharing complexes of Pb on Fe phases we report here are consistent with other works. While we have good evidence that Pb is coordinating with Fe in our samples, it appears that other phases may be present as well. Our spectra aren't entirely explained by iron and oxygen, and one additional peak is present in the radial distribution functions at approximately 2.5 Å (not corrected for phase-shift) in Fig. 6 . Theoretical shell fitting of this feature is possible with either sulfur or a phosphorous atom at a distance of 3.3 Å . Interactions between Pb, P, and S could result if organic matter functional groups were binding to Pb.
The Behavior of Lead in Organic Horizons
Although Pb deposition to forests has been relatively low since 1980, O horizons sampled recently still have significant Pb burdens. At 11 of our sites, the amount of Pb in the O horizon dropped significantly during the two-decade study period. These sites were largely concentrated in the southern portion of our study area, where forest floor thickness and mass were lower, presumably from a more rapid turnover of organic matter ( Fig. 1) . At the remainder of our sites, which were generally north of the 42nd parallel, forest floor Pb inventories remained remarkably constant from 1980 through early 2000. While variability can often mask a change in forest floor chemistry, more intensive sampling at the high elevation stands at Camels Hump Mountain revealed that most of the Pb deposited there in the 20th century has remained in the O horizon. The retention of Pb we observe in our field-based O horizon survey work are consistent with experimental results. Lomander and Johansson (2001) found that the Pb concentration in Spruce needles in litterbags incubated in Norway Spruce stands increased in concentration by a factor of more than 10 during 6 yr of decomposition. Over the same time interval, other metals were not enriched from decomposition; the concentration of Cd, Mn, and Zn decreased due to export from the experimental litterbag. Thus it appears that O horizons strongly fix Pb, preventing leaching and migration through the soil profile, and can immobilize Pb for at least several decades.
While crystalline Pb phosphates (which conceivably also could contain Fe) are predicted to control Pb geochemistry in soils, neither the XRD nor the XAS data support the presence of pyromorphite or other crystalline Pb minerals in the O horizon (Fig. 5, 6 ). A pyromorphite structure has several oxygen atoms surrounding Pb at distances of 2.7 to 2.9 Å , which was not apparent in our bulk XAS (Fig. 6) . We suggest, however, that organic and iron mineral surfaces limit Pb 21 activity in soil solutions, which prevents crystalline Pb phases such as pyromorphite from forming. For example, Lang and Kaupenjohann (2003) found that dissolved organic matter could significantly inhibit pyromorphite precipitation by lowering dissolved Pb activities. Alternatively, organic matter turnover may immobilize phosphate and thereby maintain a geochemical environment that is undersaturated with respect to pyromorphite.
Our combination of mSXRF, mSXRD, and XAS data support the conclusion that a significant fraction of Pb is associated with amorphous Fe (Hydr)oxides in these organic-rich horizons. Pb levels are correlated with Fe concentrations in mSXRF scans, and bulk XAS demonstrates that Pb is bound to the soil by inner-sphere adsorption. We find that theoretically fitting O and Fe atoms at distances of 2.3 and 4.0 Å , respectively, provide the closest match to our observed spectra. These results are consistent with Kaste et al. (2005) , who found that much (.30%) of Pb retained in the O horizons of both coniferous and deciduous forests could be effectively removed by extractions that target reducible Fe phases. The remaining Pb in these samples appeared to be associated with organic matter surfaces. Since we collected our soils from well-drained sites, the iron in the O horizon that we suggest is interacting with the Pb probably comes from the organic matter itself. Fresh litter samples analyzed from selected sites within our regional study had iron concentrations ranging from 250 to 550 mg kg 21 . Iron is highly insoluble under oxic conditions, and probably mineralizes as the organic matter decomposes. Bulk O horizon Fe contents are on the order of a few thousand milligrams per kilogram of Fe, which can be explained by a relative enrichment of Fe as carbon is lost from the horizon. Because secondary Fe phases can have a strong affinity for trace metals (Morin et al., 1999) , it seems plausible that mineralized iron could sequester Pb. While many researchers have shown that organic matter can strongly bind to metals and limit mobility (Tipping, 1994; Sauve et al., 2003; Tipping et al., 2003) we suggest that the organic matter itself may not be directly responsible for this strong retention in soils studied here.
Our data indicate that Pb in O horizons of the northeastern USA differs considerably from the species that was originally deposited from fossil fuel combustion. Lead species emitted from automobile exhaust was dominated by particulate lead halides and double salts with ammonium halides (e.g., PbBrCl, PbBrCl Á 2NH 4 Cl). The halides from automobile exhaust break down rapidly in the atmosphere, possibly from reactions with atmospheric acids (Biggins and Harrison, 1979) . Lead phases in the atmosphere, and presumably the compounds delivered to the surface of the earth (i.e., vegetation and soils) are suspected to be in the form of PbSO 4 (Olson and Skogerboe, 1975) . Interestingly, Ostergren et al. (2000) noted that sulfate significantly enhanced the inner-sphere adsorption of Pb to goethite, and observed a shift of the adsorption mechanism of Pb from facesharing to corner sharing with increasing sulfate. The PbFe distances they reported for corner sharing Pb complexes on goethite (3.9 Å ) also are similar to those found in this study. While we did not observe goethite in our samples, amorphous Fe phases appear to be ubiquitous in O horizons and could potentially form coatings on organic matter. Thus, the presence of sulfate in these systems may facilitate Pb adsorbtion to colloidal Fe phases within these organic-rich horizons. Given both the inherent stability of Pb 21 on iron oxides (Sauve et al., 2000) and the extremely low solubility of Fe oxides under oxic conditions, we suggest that Pb binding to Fe phases is the mechanism for the relatively long residence time of gasoline-derived Pb reported for the forest floor (Johnson et al., 1995; Kaste et al., 2003; Yanai et al., 2004) .
